Highlights ・ Fluorescent nanoparticles displaying multiple N-glycan with -sialosides were constructed. ・Fluorescence polarization was detected in interaction of the particle with the HA.
Introduction
Influenza A viruses are responsible for seasonal outbreaks and infrequent pandemics. M2 ion channel inhibitors, amantadine and rimantadine, are active against influenza A virus, but their clinical use is limited by emergence of transmissible drug-resistant strains (Hayden and Hay, 1992) .
Neuraminidase inhibitors, oseltamivir, zanamivir, peramivir, and laninamivir, are licensed for the treatment and prevention of seasonal influenza (Babu et al., 2000; Gubareva, 2004; Yamashita et al., 2009 ). These drugs also possess potential to reduce virus transmission and mortality during the next pandemic. Hemagglutinin (HA) is also a potential target of antiviral drugs because of its key roles in the initial stages of infection. To address the need for new antiviral drugs against influenza, a number of studies have been made for inhibitors of receptor binding (Matrosovich et al., 1990; Mochalova et al., 1994) or membrane fusion (Luo et al., 1997; Yoshimoto et al., 1999) .
Molecular interaction of protein with its receptor is most primitive and essential biological event indicating the presence of biological activity. Fluorescence polarization (FP) assay is one of the few methods that can detect molecular interactions without use of radioisotopes. Other methods include surface plasmon resonance (Schuck, 1997) , calorimetry (Sigurskjold, 2000) , frontal chromatography (Ng et al., 2005) , and two-dimensional nuclear magnetic resonance (NMR) spectroscopy (Shuker et al., 1996) . The FP assay is based on physical property of small molecules, which rotate more rapidly than large molecules in solution (Freyssinet et al., 1978; Perrin, 1926) . When a small fluorescent molecule is excited with plane-polarized light, the emitted light is largely depolarized, showing low polarization value, P, which is calculated as difference of the vertical and horizontal intensities. Large 4 molecules caused by the binding of a second molecule, rotate little during the excited state, and therefore have high polarization values. The unique features of FP allowed for development of simple and homogeneous assays in the microplate format (Nikolovska-Coleska et al., 2004) .
In the present study, quantum dots (QDs) having sialylated N-glycan chains as a new class fluorescent glycocluster nanoparticles were designed and prepared as a receptor of the HAs and their feasibility in FP-based high-throughput screening system of HA blockers was demonstrated.
Materials and methods

Reagents and the preparation of A2-PC-QDs
Qdot 545 ITK Organic Quantum Dots were purchased from Invitrogen (Calsbad, CA, USA). Egg yolk sialylated glycopeptide (A2 glycopeptide) was purchased from TCI (Tokyo, Japan). 11-Mercaptoundecylphosphorylcholine (PC-SH) and 11,11'-dithio bis [undec-11-yl 12-(aminooxyacetyl) amino hexa (ethyleneglycol) ] (ao-SH) were synthesized by the procedures reported previously (Holmlin RE et al., 2001; Nagahori et al., 2009; Ohyanagi et al., 2011) . The ao-PC-QDs were prepared from the above Qdot 545 ITK, trioctylphosphine oxide (TOPO)-coated QDs (100 L of 1 M solution, 5.8 nm, CdSe/ZnS, λ em = 545 nm), by a general protocol for coating with ao-SH (50%) and PC-SH (50%). Sialylated biantennary N-glycan (A2) prepared by treating A2 glycopeptide with PNGase F (Roche Diagnostics Japan, Tokyo, Japan) was subjected to coupling with ao-PC-QDs by the "glycoblotting" (Nishimura et al., 2005; Ohyanagi et al., 2011) reaction and gave PC-QDs displaying A2 glycans (A2-PC-QDs, Figure 1 ). Characterization of A2-PC-QDs was performed by 5 direct MALDI-TOFMS (Nagahori et al., 2009; Ohyanagi et al., 2011) and the results showed the advent of an expected molecular ion signal at m/z 3155.7 corresponding to the heterodisulfide A2-S-S-PC instead of disappearance of the signal at m/z 908.7 due to ao-S-S-PC corresponding to free aminooxy-functional groups. As standards or simple model compounds in the competitive binding assay, 2-aminobenzamide (2AB) labeled A2 (2AB-A2, 1) (Dell et al., 2008) , and two known sialosides, methyl 5-acetamido-3,5-dideoxy-D-glycero--D-galacto-2-nonulopyranosonic acid (2) (Sauter et al., 1992) and octyl 5-acetamido-3,5-dideoxy-D-glycero--D-galacto-2-nonulopyranosonic acid (3) (Crich and Li, 2007) , were also used.
Viruses and cells
Influenza virus A/Puerto Rico/8/1934 (H1N1) was propagated in allantoic cavities of 10-day-old embryonated chicken eggs at 35°C for 2 days and stored at -80°C until use. The virus was also purified by differential centrifugation and sedimentation through a sucrose gradient (Kida and Yanagawa, 1979) . Mardin-Darby canine kidney (MDCK) cells were grown in minimal essential medium (MEM, Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10% calf serum and used for antiviral assay.
Hemagglutinin purification
HA protein was prepared from purified virus by bromelain (Sigma-Aldrich, Tokyo, Japan) digestion, which was performed for 6 h at 37°C in Tris Buffer (10 mM pH 8.0, 25 mM 2-mercaptoethanol) at virus protein: bromelain 5:1. Digestion was terminated using a complete protease inhibitor cocktail (Roche Diagnostics Japan, Tokyo, Japan). Bromelain-treated HA (BroHA) was purified by sucrose gradient centrifugation (5-20% sucrose) and the fractions around 15% sucrose were collected. The BroHA was ultracentrifuged again and the pellet was diluted in phosphate buffered saline (PBS).
FP assay
A freshly prepared solution of A2-PC-QDs and BroHA in PBS with 0.05% Tween 20 was added to increase the amount of the mixture to a total 200 L. FP measurements were performed on a multiplate reader POWERSCAN 4 (DS Pharma Biomedical, Osaka, Japan) equipped with polarizers using a dual path length quartz cell. The fluorophores were excited with vertical polarized light at 485 nm and the intensity of the emitted light was observed through vertical and horizontal polarizers at 546 nm. The correction factor G was determined by excitation with horizontal-polarized light and observation of the emitted light through vertical and horizontal polarizers.
HI assay
Before the hemagglutination-inhibition (HI) assay, compounds were incubated with 0.5% chicken red blood cells (RBCs) in PBS and it was confirmed whether they have hemagglutination (HA) activity. HI tests were performed according to the microtiter method of Sever (Sever, 1962) . Briefly, 25L of serial two-fold dilutions of the compounds were mixed with 4 HA units of the virus in Ubottom microtiter plates and incubated at room temperature for 30 min. Then 50L of 0.5% chicken RBCs was added to each well and incubated at room temperature for 30 min. The HI titer was expressed as the reciprocal of the highest serum dilution that completely inhibited hemagglutination of 4 HA units of the virus. 7
In vitro antiviral assay
Antiviral effect was assessed by plaque inhibition on MDCK cells using 25-100 plaque-forming units (pfu) of the virus. The compounds and virus were mixed and incubated at room temperature for 1 hour and added to plates pre-cultured with MDCK cells. After incubation at 35C for 1 h, the virus solution was thrown away and cells were washed with PBS, then agar medium was added and incubated at 35C for 48 h. The gel was stained with 0.005% neutral red and plaques were counted.
The percentage of plaque inhibition was calculated as the reduction rate compared with the number of plaques without the compound.
Results
Preparation of a new fluorescent probe for FP-based HA assay.
According to the versatile synthetic method (Ohyanagi et al., 2011) by combined use of an aminooxy-terminated thiol derivative (ao-SH) and a PC derivative (PC-SH), a novel Glyco-PC-QDs having biantennary N-glycan chains (A2-PC-QDs) was prepared (Figure 1) . Concentration of A2-PCQDs dissolved in the stock solution derived from the starting TOPO-coated QDs was determined, at which the fluorescent signal was sufficiently higher than the background of the buffer solution. As a result, the concentration of A2-PC-QDs was 10 nM and the FP value was approximately 100 mP, which was high enough to obtain a reliable FP value.
Binding of A2-PC-QDs to the HA of influenza virus
Binding of A2-PC-QDs to the HA of A/Puerto Rico/1934 (H1N1) was measured by direct titration with BroHA, which is a soluble form of HA that lacks the C-terminal anchoring peptide (Gamblin et al., 2004) . BroHA of various concentrations was added to 10 nM A2-PC-QDs and incubated at room temperature. FP values were recorded at 0 min, 30 min, 1 h, 2 h, and 3 h after the addition of BroHA.
As a result, 512,000HA/ mL BroHA was saturated for more than 2 h and the FP value was about 350 mP (Fig. 2) . When PC-QDs coated only with PC-SH were added to the same concentration of BroHA instead of A2-PC-QDs, changes in the FP value were not observed. Furthermore, 1 mg/mL bovine serum albumin (BSA) instead of BroHA also did not influence the FP value of A2-PC-QDs (data not shown). These results demonstrate clearly that A2 glycan-specific recognition by BroHA is crucial for the binding detected by FP analysis.
Binding assay by competitive fluorescence polarization
The specific binding of A2-PC-QDs and BroHA was competitively inhibited by 2AB-A2 (1). The effective concentration of 2AB-A2 was more than 1 mM and the binding of A2-PC-QDs with BroHA was completely inhibited with the addition of 4 mM 2AB-A2 (Fig. 3) . To test the feasibility of this method for screening HA blockers as candidates for anti-influenza drugs, we employed preliminarily two known simple derivatives of sialic acid, methyl sialoside (2), which is already known to bind with the BroHA of X-31 strain (Sauter et al., 1992) , and octyl sialoside (3). Each compound was added to a mixture of A2-PC-QDs and BroHA in the concentration range designated for the quantitative FP assay. During the titration of compound 2, no significant change in the FP value was observed, even at 20 mM. On the other hand, a dose-dependent inhibitory effect on the FP value was observed during the titration of more than 5 mM of compound 3, suggesting the importance of the hydrophobic nature of the aglycon region of synthetic sialosides in the interaction with HA.
Antiviral effects of the selected compounds.
To assess the antiviral effects of the compounds used herein, the inhibitory effect of compound 3 on the viral infection against MDCK cells was examined. Compound 3 at a concentration of 19.2 mM showed a significant inhibitory effect as the number of plaques was reduced by approximately 72% inhibition compared to that without the compound, and compound 2 at concentration of 23.2 mM showed a similar antiviral effect, with approximately 63% inhibition of plaque formation.
Unexpectedly, compound 3 as well as 2 exhibited no significant HI activity (data not shown). These observations clearly indicate that the FP-based HA binding assay using A2-PC-QDs is much more sensitive than the usual HI assay. In other words, it was suggested that the generally low affinity of HA with simple small sialosides could also be detected by amplified sensitivity during the interaction with a mono-dispersed spherical nanoparticular fluorescent probe having multiple sialyl N-glycans that mimic cell-surface glycoproteins.
Discussion
In the present study, an easy screening method with high potential for searching for HA blockers was established on the basis of FP assay. It deserves to be noted that Weinhold et al. (Weinhold and Knowles, 1992) first reported the characteristic features of the binding between -sialosides and the HA of influenza virus using the FP assay. However, it is considered that the affinity between common simple and monovalent-type sialosides and HA appeared to be very low and this must be an obstacle for further application of the FP-based assay to practical screening systems.
To assess a broad range of compounds targeting HA blockers by a simple and versatile assay system, a novel class of fluorescent nanoparticles displaying multiple sialyl N-glycans, A2-PC-QDs, was designed and prepared. It is well known that a variety of multivalent-type receptors bearing sialic acids show highly enhanced affinity to HAs (Feng et al., 2010; Ogata et al., 2009; Ohta et al., 2003) .
To amplify the low affinity between simple oligosaccharides and HA, glycan-modified high performance quantum dots (Glyco-PC-QDs) (Ohyanagi et al., 2011 ) that can be used for live animal imaging by near-infrared fluorescence photometry due to the non-fouling nature of QDs coated by phosphorylcholine self-assembled monolayers were employed. Although colorful Glyco-PC-QDs have proved to become highly sensitive fluorescent probes for direct imaging of living cells and animals by employing common fluorescence microscopic devices (Ohyanagi et al., 2011) , no examples have indicated the feasibility of these ligand-conjugated QDs in quantitative analysis aiming for high-throughput screening toward drug discovery research. Thus, the potential of A2-PC-QDs in FP-based quantitative analysis of targeted molecular interactions was examined since the non-fouling surface of A2-PC-QDs appeared to be very beneficial to avoid unfavorable non-specific protein adsorption (Ohyanagi et al., 2011) .
It is known that the polarization value P used in the fluorescence polarization assay obeys the definition:
P= (I parallel -I perpendicular )/(I parallel + I perpendicular )
( 1) where I parallel is the fluorescence component parallel to the linearly polarized light used for excitation and I perpendicular is the fluorescence component normal to that (Perrin, 1926) . In the present study, FP value of A2-PC-QDs was approximately 100 mP, which was high enough to obtain a reliable FP value. After reaction between A2-PC-QDs and BroHA, the FP value became high, indicating that large molecules caused by the binding rotated slowly during the excited state in the solution. As anticipated, A2-PC-QDs were highly sensitive fluorescent ligands suitable for an easy FP-based quantitative assay for screening small molecular HA blockers by simple competitive assay using standard compounds 1-3. It should also be noted that the strength of the affinity of A2-PC-QDs with HA can be controlled by varying the ratio of ao-SH and PC-SH in ao-PC-QDs, a key intermediate to display any glycoforms (Ohyanagi et al., 2011) . It is clear that the present method is a useful tool for the first screening to profile large numbers of small molecules as potential blockers in the viral attachment step of influenza viruses. B.
